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GLOSSARY

Actual cubic feet per minute. A measure of the volume of
gas at operating iemperature and pressure.

Actual litres per minute. A measure of gas equal to 0.001
cubic metre per minute.

Atmosphere. A unit of pressure equal to 1.013250 x 106

dynes/cm?, which is the air pressure at mean sea level
(also known as standard atmosphere).

Granules that are used as a CO2 absorbent.
Breaths per minute.
Constant absolute pressure regulator.

Attitude sensitive exhaust valve.

Constant Differential Pressure.
Feet of seawater.

A mixture of helium and a small percent of oxygen used
for breathing during deep dives.

A mixture of sodium hydroxide with calcium oxide; granules
are used to absorb water vapor and carbon dioxide gas.

Litres per minute.
Partial pressure of oxygen.

Pounds per square inch differential. The difference in
pressure between two points in a fluid flow system,
measured in pounds per square inch (PSI).

Pounds per square inch gauge. The gauge pressure, }
measured by the number of pounds/force exerted on an
area of one square inch.

Respiratory minute volume.

Sea level equivalent. The equivalent level of the sur-
face of the ocean; especially, the mean level halfway
between high and low tide, used as a standard in deter-
mining sea depths.

Standard temperature and pressure.
Underwater breathing apparatus.

The unit of power in the metre-kilogram-second system
of units, equal to 1 joule per second.
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INTRODUCTION

GENERAL

Carbon dioxide is a natural by-product of the respiration of animals and
humans (among other sources) formed by the oxidation of carbon in the body to
produce energy. It forms approximately 0.03 percent of the total atmosphere.
For divers, the two major concerns with COy are control of the quantity in
the breathing supply, and removal of the "exhaust" after breathing.

In high concentrations the gas can be extremely toxic. Severe problems
may arise for divers who use closed circuit and semi-closed circuit breathing
systems, if the system fails to dispose of the excess COj.

The Navy has continuously worked on designing and improving techniques to
eliminate carbon dioxide from the diver's gas supply.

The intent of the MK 11 and MK 12 C0O, scrubber development is to maximize
the efficiency of the CO, absorbent canisters. The flow of gas in these sys-
tems is through an absorbent canister where the carbon dioxide is removed. A
constant flow of fresh COy-free gas ventilates the helmet or facemask for the
diver to rebreathe. Since only the oxygen in the mix is consumed, assuming
his oxygen is replenished, the diver can remain at depth for an extended
period of time on relatively small amounts of inert gas. The inert gas is
breathed and rebreathed repeatedly by the diver instead of exhausting from the
helmet or facemask at the end of each exhaled breath.

The various systems, testing methods, and procedures of the C02 scrubber
during empirical development are described in this report.

BACKGROUND

Mixed gas diving is differentiated from other techniques in that the
breathing medium is a closely controlled mixture of oxygen and an inert gas such
as heliom. Helium-oxygen mixtures (Heliox) are preferred over other gas mixtures
due to physiological and physical safety factors; however, helium is quite expen~
sive, and methods to conserve helium usage are constantly being explored. €O
scrubbers permit rebreathing of the inert gas by removing the carbon dioxide
from the breathing mix and circulating the gas freshened with 0, back to the
diver. This in turn reduces the expensive helium consumption and increases the
eapability to dive to deeper depths for a longer period of time.

Current development techniques for COj; scrubbers used in modern diving
systems do not include suitable analytical models, therefore empirical testing
is a major development tool.
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MK 11 CO2 Scrubber Development Results

The MK 11 COy scrubber development terminated in a system that was man-
tested at 450 feet (137.2 metres) of seawater (FSW) and 35°F (1.7 C) by the
Navy Experimental Diving Unit (NEDU), Panama City, Florida. This resulted
in a mean duration of 308(%#42) minutes.

MK 12 COy Scrubber Development Results v

The MK 12 CO; scrubber development resulted in a system duration in
excess of 10 hours at 390 FSW (118.9 metres) and 40°F (4.4 C) At a duration
of 9 hours, the mean COy level of the existing gas for three canisters was 0.2
percent sea level equivalent (SLE). Ome canister test was continued to 0.5
percent SLE which occurred at 10 hours.

MK 11 CO2 SCRUBBER DEVELOPMENT

MK 11 SYSTEM DESCRIPTION

The MK 11 semi-closed mixed gas underwater breathing apparatus (UBA)
and associated equipment was intended to provide the complete life support
and thermal protection required for saturation divers to operate for up to
4 hours in 28°F (-2.2 C) water to depths of 850 FSW (259 metres). The MK 11
diver is tethered to a diver support facility by an umbilical which supplies
breathing gas, hot water, and electrical connections. Hot water is routed
through a breathing subsystem (Figure 1) where it warms a canister con-
taining a carbon dioxide absorbent bed, and then is routed to a diver ther-
mal protection garment (the MK 16 hot water suit).

During normal semi-closed circuit, umbilical-supplied operation, the
breathing gas passes through an absolute pressure regulator block and sonic
orifice into an inhalation bag, and then through a hose connection to an
oral-nasal facemask. Exhaled gas passes from the oral-nasal mask via a
hose to an exhalation bag. From the exhalation bag, most of the exhaled
gas flows through the CO, scrubber to the inhalation bag where it is )
mixed with incoming gas from the umbilical, and subsequently, rebreathed.
A portion of the exhaled gas does not pass through the canister but is exhausted
into the water through an attitude-sensitive exhaust valve (cardioid valve).

Diver safety features include two-way communication equipment, a PO, semn-
sor, and switchover indication equipment. If umbilical gas supply pressure
drops to a low level, the absolute pressure regulator admits breathing gas
from a small emergency supply in the backpack activating the switchover indi-
cator. If the breathing bags or canister should flood, the diver can switch
to open circuit on umbilical; or for a short time, the diver may use the
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emergency gas supply. Therefore, a normal operating mode (semi~closed cir-
cuit, umbilical supply) and three backup modes (semi-closed circuit, emergency
supply; open circuit, umbilical supply; and open circuit, emergency supply)
are available to the diver (see Figure 2).

BACKGROUND

As a result of NEDU manned dives conducted during the week of 3 July 1978,
it was found that the MK 11 CO, scrubber packed with baralgme wasotime-limited
to approximately 1.5 hours at 305 FSW (92.9 metres) and 35 F (1.7 C). These
short durations were revealed under NEDU work requirements utilizing repetitive
10 minute cycles consisting of 4 minutes at rest and 6 minutes of work at 50
watts as measured on an ergometer. Unmanned testing of various concepts and
techniques to improve the C02 scrubber duration were conducted as a result of
these short duration NEDU manned tests.

NOTE

Canister upstream CO, levels were recorded on subjects at depth
in the MK 11 during rest and while registering 50 watts on an
ergometer during manned dives. These COy levels were then used
as control parameters during unmanned testing.

Rest 50 Watts

% COp SLE 3.45 4.69

(Recorded) 225 RMV 40 RMV These were direct

Unmanned 0.7 LPM 1.8 LPM readings to give

. the percentage by

Simulation CO, Injected [ CO2 Injected | volume. This is
not a true tempera-
ture corrected
flow at STP.

INITIAL TESTING SUMMARY

A total of 31 tests were conducted in the Hydrospace Laboratory(l).
Results of these tests indicate that use of high performance sodasorb (special
factory certified 18 gercent water by weight), tightly packed in the canister
while operating in 30°F (-1.1°C) water, resulted in an average run time of 3
hours and 51 minutes to reach a COp level of 0.5 percent SLE. The absorbent
was tightly packed by constantly tapping on the canister while slowly filling.

(I)Hydtospace Laboratory Note 11-78, Index No. 64, Underwater Breathing
Apparatus - MK 11 Scrubber Test, by G. H. Noble, August 1978.




A Wy
b e e -

NCSC TR-353-80

UBA MK () MOD O {BACKPACK)
F ASK
DIVER ACEMAS
SUPPORT -
acwmy [aowsiicad] | | Ao
BREATHING | |GAS HOSE REGULATOR INTO
gas BLOCK WATER c
SUPPLY 02 ORAL-
tREF) REMOVAL l NASAL
CANISTER a—] MASK
cor* P CARDIOID
REGULATOR v EXHAUST
VALVE
A, SEMICLOSED-CIRCUIT, UMBILICAL-SUPPLIED OPERATION
UBA MK 11 MOD 0 (BACKPACK)
" FACEMASK
MANIFOLD-
CYLINDER ABSOLUTE
ASSEMBLY PRESSURE o
{EMERGENCY REGULATOR
GAS SUPPLY) BLOCK INTO
WATER T
02 ORAL-
S || fsee
o bp* purce | [CaRoIoD ANISTE MASK
HANDLE REGULATOR [™™™] vaLVE ol WITCHOVER
Ry
{ELECTRICAL)
L~ ]

B. SEMICLOSED - CIRCUIT, EMERGENCY MANIFOLD - SUPPLIED OPERATION

)

—~0

UBA MK 1| MOD 0 (BACKPACK) FACEMASK
A INTO
SUPPORT SOLUTE SECOND-
FACILITY UMBILICAL PRESSURE cop* __J HELMET STAGE R
BREATHING GAS HOSE gfglc“R“OR "1 REGULATOR VALVE DEMAND 7™ EAG iND
GAS REGULATOR EXHAUST
SUPPLY VALVE
(REF) DOWN-OFF UP-ON
- ON-OFF HANDLE
C. OPEN-CIRCUIT, UMBILICAL-SUPPLIED OPERATION
UBA MK Il MOD 0 (BACKPACK) FACEMASK
MANIFOLD - INTO
trLiNoER ABSOLUTE . SECOND- WATER VIA
ASSEMBLY PRESSURE cop | . STAGE | 1 EXHALATION
(EMERGENCY REGULATOR REGULATOR DEMAND BAG AND
GAS SUPPLY) BLOCK REGULATOR EXHAUST
VAWVE
on- .——, DOWN - OFF uP-ON
OFF ‘ ON-OFF HANDLE
MANDLE (ELECTRICAL)

» CONSTANT DIFFERENTIAL PRESSURE

FIGURE 2.

0. OPEN - CIRCUIT, EMERGENCY MANIFOLD - SUPPLIED OPERATION

GAS FLOW DIAGRAM IN EACH OPERATING MODE




NCSC TR 353-80

The test series began with little baseline data available other than the
fact that the canister life was not adequate to meet test requirements during
manned test dives. The test program was conducted in an attempt to provide an
interim solution to the immediate problem and to build a file of baseline data.
Preliminary indications were that the reduced canister life at depth resulted
from a combination of system design shortcomings.

General Observations

Unmanned test results were bracketed by manned test results. Adequate cor-
relation was obtained between the two types of tests (Figure 3).

PVC pipe was used to tap the canister during the filling process at the 1/3,
2/3, and full points. As an alternative, two hand-type electric massagers were
strapped on the canister to provide vibration during the filling process in an
attempt to improve packing of the bed and to reduce the sharp impact from
tapping with a plastic pipe. The vibration resulted in a heavy accumulation of
dust in the center of the bed. The absorbent particle distribution was believed
to be caused by pulverizing of the grains and shifting of the larger grains to
the perimeter. This method of packing was abandoned due to dust generated in
the breathing loop.

LEGEND
60 1
ORIGINAL MKil CANISTER MANNED DATA
HIGH PERFORMANCE SODASORS —-1'—
35°F BATH TEMP,
50+ E UNMANNED DATA
o 90
Z
w
o
W
W
w
8 30
20
10 T T ) T Ll T LA
(o] 100 200 300 400 500 600 700

DEPTH (FSW)

FIGURE 3. CANISTER EFFICIENCY VERSUS DEPTH (MANNED/UNMANNED)
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The scrubber instrumentation diagram is shown in Figure 4. Figure 5 de-
plcts typical unmanned canister bed temperatures of the MK 11 in the original
cogfiguragion for baralyme and high performance sodasorb 92.9 MSW (305 FSW,
35°F (1.7°C) bath temperature). Figure 6 shows typical unmanned canister co,
signatures for baralyme and high performance sodasorb. Figure 7 presents typi-
cal manned canister bed temperatures of the MK 11 in the original configuration.
Figure 8a presents the MK 11 manned CO2 signature, and 8b shows the mean canister
breakthrough curves at various depths using high performance sodasorb.

SYSTEM FLOW ANALYSIS OF MK 11

Background

Manned testing of the MK 11 at depth‘a) and at 6 MSW (20 FSW)3 re-
vealed a marked difference in tanister life (canister life was reduced at depth
by over 85 percent). In an attempt to find the cause of this difference, a
series of MK 11 system dynamic flow méasurements were made at various depths
and breathing rates.

Objective

The objective of this test series was to compare system flow at depths
from O to 259 MSW (0 to 850 FSW)“,

Approach

Figures 9a and 9b are dynamic plots of actual flow through the canister
during unmanned testing. An RMV of 40 LPM (1.4 ACFM) was used in both tests
as shown in Figures 9a (0 FSW) and 9b (305 FSW) (92.9 MSW).

The normal direction of system flow is from the exhalation bag through
the canister and into the inhalation bag. Simultaneously, fresh gas is being
injected through the sonic orifice and into the inhalation bag. During unmanned
testing of the MK 11, it was observed that at specific times in the breathing
cycle system flow direction reverses. This flow reversal is presented in
Figures 9a and 9b as negative flow.

The duration of the C02 scrubber is directly proportional to the amount
(mass) of CO2 it absorbs. During reverse flow in this system the canister is
being presented with COj-free gas; i.e., the gas in the inhalation bag con-
sists of fresh make-up gas and gas previously scrubbed of COj. Using sine wave

(Q)Navy Experimental Diving Unit Report No. 18-78, Life Support Characteris-
tics of the MK 1l Semi-Closed Mixed Gas UBA at Intermediate Depths, by
C. A. Piantadosi and W. H. Spaur, November 1978.

‘3)Navy Experimental Diving Unit Repoft No. 10-78, Evaluation of the MK 11,
Mod-0 UBA in Cold Water, by R. K. 0'Bryan, R. L. Clinton, and R. A.
Vendetto, May 1978,

‘4)Hydrospace Laboratory Note 6-79, Index No. 71, MK 11 Flow Test, by G. W.
Noble, April 1979.

)
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1. CO2 Sample Line

2. 0.5 PSID Transducer

3. Outlet-Center BED (YSI 701)
4. Outlet-Outer BED (YSI 701)

5. Mid-Center Outer BED (YSI 701)

Mid-Outer BED (YSI 701)
Inlet-Outer BED (YSI 701)
Inlet-Outer BED (YSI 701)
UBA MK 11 Canister

Scrubber Gas in Temp. (YSI 731)

FIGURE 4. SCRUBBER INSTRUMENTATION DIAGRAM
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approximations for the curves recorded on Figures 9a and 9b permits a calculated
estimate of actual flow in either direction through the canister per each
breath. Comparing the calculated volume system flow through the canister

and respective CO, level at 305 FSW (92.9 metres) with those at 1 ATA indicates
that 55 percent more CO, is being presented to the scrubber at 305 FSW (92.9 MSW)
than at 0 FSW (refer to Appendix A for calculations).

Results

As shown in the analysis of flow signatures (1 ATA, 40 RMV, and 305 FSW
(93.0 MSW)), the MK 1l system has significant changes in system flow patterns
to produce significant ¢hanges in quantities of CO, in the absorbent canister
(Appendix A). Calculations indicate that approximately 55 percent more CO.,
flows into the canister at depth than at 1 ATA. This change in system flow
is attributed to the minimum acceptable facility regulator setting being
incompatible with present system sonic orifice selection. The minimum setting
is a resultant of the constant absolute pressure (CAP) regulator minimum allow-
able setting. The flow reversal phenomenon is characteristic of the MK 11 at
all tested breathing rates and depths.

Summation of total scrubber flow calculations (in both directions) indi-
cates 1.02 actual litre/breath of gas 1s being dumped out the exhaust valve at
1 ATA and 0,14 actual litre/breath of gas is being exhausted at 305 FSW (93.0
st)-

General Observations

Comparing Figures 10a and 10b reveals approximately the same ambient system
flow at depth and surface; however, both the breathing signature and orifice flow
reveal differences. The orifice flow is approximately 6.8 actual litres per
minute (ALPM) at 50 FSW (15.2 MSW) and approximately 2.7 ALPM at 300 FSW (91.4
MSW) with the breathing signature showing a more positive pressure in the system
at 50 FSW (15.2 MSW) than at 300 FSW (91.4 MSW). Table 1 shows the calculated
flows (per the MK 11 Manual) for 50 FSW and 300 FSW, respectively, which com-
pare favorably with the measured orifice flows of Figures 10a and 10b.

Figure 11 presents a dynamic plot of the pressure inside the exhalation
bag at 50 FSW (15.2 MSW) and 300 FSW (91.4 MSW). The greater system positive
pressure can be observed on the 50 FSW plot.

Conclusions

Based on the analysis of the system flow tests, it is apparent that the
canister life is extended at depths of less than approximately 200 FSW (60.4
MSW) due to reductions in CO, presented to the canister. The reduction of
CO, in the canister affleunt gas stream is a function of increased reverse
flow which is the result of an incompatibility between the sonice orifice size
in use and facility regulator setting available at shallow depths. This results
in excessive flow of make-up gas at shallow depths.
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PRESSURE in Cm HZO

= 40.0
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FIGURE 10a.

MK 11 SYSTEM FLOW TESTS AT 50 FSW
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FIGURE 10b.
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MK 11 SYSTEM FLOW TESTS AT 300 FSW
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TABLE 1

CALCULATED GAS FLOWS FOR 50 FSW AND 300 FSW

Emergency Bottle Pressure at 1 Atmosphere = 3000.0 psig
Emergency Bottle Temperature at 1 Atmosphere = 70.0°F
Water Temperature = 70,0°F

50 Fsw

Oxygen Consumption Rate 1.
Bag Level 0.
265.
365.
Plug Gauge at Sat Depth (CAP) 213.
313.

CAP Setting
FR Setting

Plug Gauge at Sat Depth (FR)

Oxygen Percent

Maximum Depth (0/C)

Minimum Depth (0/C)

Minimum Requirement Flow
Actual Gas Flow 6.36 (alpm)
B/L Minimum Depth PO
B/L Maximum Depth PO
Orifice Size

Switchover Setting

2

300 FswW

Oxygen Consumption Rate 1.
Bag Level 0.
340.
440,
Plug Gauge at Sat Depth (CAP) 176.
276.

CAP Setting
FR Setting

Plug Gauge at Sat Depth (FR)

Oxygen Percent

Maximum Depth (0/C)

Minimum Depth (0/C)

Minimum Requirement Flow
Actual Gas Flow 2,63 (alpm)
B/L Minimum Depth PO,

B/L Maximum Depth PO,

Orifice Size

Switchover Setting

60 (alpm)
1590

00 (psia)
00 (psia)
33 (psia)
33 (psia)

Umbilical

40.00 ( %)
99.00 (ft)
0.00 (ft)
5.58 (alpm)
16.00 (alpm)
0.8384 (atma)
0.8384 (atma)
9.00

2677.78 (psig)

60 (alpm)
0396

00 (psia)
00 (psia)
96 (psia)
96 (psia)

Umbilical

15.00 ( % )

319.00 (ft)
55.00 (ft)
13.92 (alpm)
26.54 (alpm)
0.9633 (atma)
0.9633 (atma)
9.00

2566.67 (psig)

19

Emergency

40.00 ( %)

132.00 (ft)
0.00 (ft)
5.58 (alpm)
11.62 (alpm)
0.7650 (atm)
0.7650 (atm)

Emergency

19.00 ( %)
314.37 (ft)
36.47 (ft)
10.22 (alpm)
19.20 (alpm)
1.1741 (atm)
1.1741 (atm)




Exhalation Pressure in Cm H20

Exhalation Pressure in Cm H20
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0 50 100 15Q 200 25Q 300
No. of Data Points

50 FSW, 40 RMV

{ i L | 1 1

0 50 100 150 200 250 300
No, of Data Points

300 FSW, 40 RMV

FIGURE 11, EXHALATION BAG PRESSURE AT 50 FSW AND 300 FSW
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CANISTER MODIFICATIONS

Initial Modifications

Objective. Initially, a series of modifications were intended to identify
the cause of the poor canister efficiency at depth and indicate an appropriate
corrective design were tested!®),

Approach. The initial unmanned canister configurations tested at 650 FSW
(198.1 MSW) are shown in Table 2. Attempts were made to adjust the wall sur-
face area and gas velocity to maximize the time required to reach 0.5 percent
SLE of carbon dioxide and minimize the work of breathing rate.

Results. Visual inspection of used canister beds led to the hypothesis
that the gas was following the heated walls of the canister and not being dis-
tributed evenly across the absorbent bed. The results of Table 2, Canister
Configuration 1I, Radial Flow Coaxial (Figure 2), indicate that during work
cycles the higher respiratory rates and resultant higher gas velocities created
better utilization of the absorbent bed in this configuration. The use of fins
and additional wall surface appeared to improve the canister performance; how-
ever, the elongated bed increased the system work of breathing.

During the initial unmanned testing of the canister configurations, it was
not known that a pressure drop greater than that of the original MK 11 canister
could not be tolerated, Manned testing revealed that the MK 11 was already at
the maximum tolerable work of breathing‘s). Figure 12 compares the breathing
resistance of the MK 11 with other systems.

Alternative Modifications

Objective. Using the standard MK 11 canister shell, the objective was to
produce a modified canister with greater efficiency and no additional breathing
resistance. (At this point in the canister development, new non-return valves
(Koegle) with less resistance than standard MK 11 non-return valves were
adapted to fit the MK 11 facemask.)

Approach. Various internal changes to the MK 11 canister were attempted.
Several heat exchanger modifications were tested. It was found that the opti-
num configuration for this depth and temperature range consisted of a 12-turn
coil with a 2-inch outer diameter stainless steel sleeve and a hot water jacket.
A production model of this design was fabricated and further testing was con-
ducted with both the #9 and #13 sonic gas orifices. Configurations and results
of alternative changes to the canister are shown in Table 3.

‘E)Hydrospace Laboratory Note 3-79, Index No. 68, MK 11 Scrubber Test, Sequence
3 at 650 Fsw, by G. W. Noble, April 1979.

(6) Navy ExperimentaloDiving Unit Letter, Manned Testing of the MK 11 UBA at 650
Fsw and 35°F (1.7°%c), Serial No. 62, dated 9 February 1979.
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TABLE 2. INITIAL CANISTER CONFIGURATIONS TESTED UNMANNEDS

(Sheet 1 of 3)

CANISTER
CONFIGURATION | DESIGN FLOW PATH REMARKS
I BASELINE TEST- A - Bath at 300
‘STANDARD CA_&'__S_‘ B - Bath at 35

WATER JACKET

(R) BATH AT 30% (4 TESTS)
(8) saTH AT 33°(4 TESTS)

; R
———
HOT WATER JACKET:

II.RADIAL FLOW
COAXIAL

(A) PERFORATED METAL WALLS
ON CENTRAL CORE

(B) LINED INNER CORE WITH TWO
LAYERS OF FILTER MATERIAL

Partially successful at
forcing even flow distrib-
ution. Scrubbed better on
work cycle.

II. VERTICAL FLOW

TWO LAYERS FILTER MAT'L-
INLET, ONE LAYER-OUTLET

(8) THREE LAYERS FILTER MAT-
ERIAL ON INLET, ONE LAYER
ON OUTLET

Attempted to induce great-
er pressure drop to re-
distribute flow ~-- still
unsatisfactory.

IZ SYMMETRIC

Reduced wall area and in-
creased gas velocity by

SEGMENTS 5X. Wall channelirg
appears to be the signifi-
cant factor in the low
flow situation,

HOY WATER JACKET
Sibid.

22
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TABLE 2. INITIAL CANISTER CONFIGURATIONS TESTED UNMANNED-CONTINUED
(Sheet 2 of 3)

Shortened perforated

X. MODIFIED === | section of II to increase
COAXIAL @ <--- AP across bed.
"

2 Increased wall area & bed
T EE;E(':TDHED | —) length and increased gas

C_ ' velocity. Work of breath-
COAXIAL - — 1 | ing increased with time.

@

@ ALL PASSAGES FILLED
WITH HPSS HOT WATER JACKET

Center section was wet on
_‘_3- - A. Test confirmed center

of bed is being utilized
) in CO, absorption.

@ SCREEN MOVED TO INLET
OF CENTER SECTION AND
CENTER FILLED W/H,0

ABSORBENT MATERIAL

2

HOT WATER JACK

(INSTEAD OF HPSS) Ty T e BT ITE
(©) oEcREAsED r AND ryAND ) minimum,
NO HPSS IN CENTER E s
PASSAGE ,
-

HOT WATER JTKET @

23




NCSC TR-353-80 ]

i
TABLE 2, INITIAL CONISTER CONFIGURATIONS TESTED UNMANNED-CONTINUED
! (Sheet 3 of 3) 1
|
: - No physical brid
YII EXTENDED between cente: 2g:ylindersJ 1
LENGTH ;‘lore :ff}cient partictinar-
" COAXIAL y out of center sections. ) |
e Perf |
WITH EXTRA beforer e S
WALL AREA '
.J
Fi
|WIIr. FINNED 3-PASS —'_—_;_E furface, e ! }
COAXIAL = , |
HOT WATER JACKET 1
|
Fins i d both |
IX. DOUBLE FINNED - per-formance and work |
THREE PASS ‘ ' of breathing. i
COAXIAL Fommememn 4 ‘
INNER FINS ’ 7001:. 5
HOT WATER JACKET- FINS :
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Results. The canister design combined with the new non-return valves
produced a MK 11 diving system with acceptable canister life and decreased
breathing resistance. Although it has not been confirmed, the canister has
possibly increased diver inspired gas temperature by a few degrees.

Figure 13 depicts the modified instrumentation location for the heat
exchanger canister design.

Figures l4a and 14b show canister temperatures and modified canister CO2
level profiles for a typical ummanned duration test at 450 FSW (137.2 MSW) and
35°F (1.7°C) bath temperature. Manned testing of this canister configuration
at 450 FSW (137.2 MSW) and 35°F (1.7°C) bath temperature resulted in a mean
canister duration of 308 (+42) minutes and a breathing resistance lower than
the original configuration.

Comparison of Breathing Resistance
of the MK 11 at 650 FSW With EX-17
MK 14, and MK 1 MOD-S At Depths of
1000 Fsw

Lo MK 1l 01650 FSW{Moditied Conister)

L —
. /
- ‘0-1 ./‘ -
E 7 BANDMASK
; 7 1100 FSW
= / MK 1ot 658 FSW (Unmodified Canister)
3 30 . e — _~oMork 14
w / - = S EX-17 o1 1054 FSW
7
4] o MK 14
& 20
-
«
«
o
x
Q 10-
(=4
-
<
4
T 1 T T ¥ T
28 50 78 100 128 IS0

WORK RATE (WATTS)

FIGURE 12. BREATHING RESISTANCE COMPARISONS
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TABLE 3. RESULTS OF ALTERNATIVE CHANGES TQ THE CANISTER
(Sheet 1 of 3)
CANISTER
CONFlGUsRATION DESIGN FLOW PATH REMARKS
S s
I QE%%'NBIJQI.I}F? M ’\ T — ?Esészfzuz:hﬁucu:mg £
(COAXIAL STRAIGHT @ S N -
THROUGH) T
TEST NO. 42 —_— _—
A
HOT WATER GFINS
JACKET
II.BASELINE STAND- —— STANDARD CANISTER WITH
ARD CANISTER NEESTAGLISH BASELINE,
TESTS NO.438 44 - "
]

II. PORTED OPEN

BOTTOM
(MODIFIED STRAIGHT
THROUGH).

TJESTS NO. 458 46

INCREASE WALL SURFACE ARCA
WHILE MAKING OUTER SEGMENT
PATH LENGTH LONGER THAN CEN-
TER, {INCREASE AP ON QUTER
WALL TO DISTRIBUTE GAS INTO
CENTER SECTION)

I INTERNAL HEAT
EXCHANGER WITH
WATER JACKET

coL

TEST 47 HPSS,

JEST 49! BARALYME AT 450
FSWAND 30%F
BATH,

HANE
"W wx l‘p
VIN" JACKE

W,
"oyT"

EXH.ORED EFFECTS OF DIRECT
HEATIN

"Hydrospace Laboratory Note 4-79
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(Sheet 2 of 1)

RESULTS OF ALTERNATIVE CHANGES 10 THE CANISTER

CANISTER ]
CONFIGURATION DESIGN FLOW PATH | REMARKS
. SIMULATE BAG- SAME ASIT RAISED BATH TEMP. TO S0 F TO

_GEY
JEST HO. 40

SIMUL ATE HEATED BAGOVER
SYSTEM

JI.DOUBLE INTER-
NAL HEAT EX-
CHANGER

YEITS NO. SO, NO. 51 & NO. 59

2s"opcy

37871.0.CU> H.W. URETHANE HW.

PACKED
JACKET

" "ouT"

FREE STANDING INNER COIL
- BED FLOODED

ATTEMPTED YO UTILIZE CENTER
OF CANISTER THROUGH MEATING

YII. CENTER HEAT
EXCHANGER

TEST NO. 32 HOT WATER TsliQ®
NO_83 HOT WATER T: 1178
NO.54 HOT WATER T: 103°
NO. 83 HOT 'ATER T‘= IIO"

ANDUSED MK.11MASK

_
{\ vV ¢ AN
\ (J\F\INS?\&\
Y T'\‘ ‘\J
_I

(9 TURN 1
coi.y Hw

—8

U*

S
HOT WATER Hw
"

JACKET -~

30D ALUMINUM SLEEVE

TO DETERMINE EFFECTS OF
ADDITIONAL HEATED WALL

L. MODIFIED CEN-
TER HEAT EX-
CHANGER

TEST: NO. 36 SAME AS TEST
T NO.SSEXCERT NOFINS

(3"AL INNER SLEEVE ONLY)

SAME 45 XX EXCEFT
NO FINS

|
j

SIMPLIFIED ASSEMBLY OF MEATED
WALL BY REMOVING CENTEN FINS.
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TABLE 3. RESULTS QF INTERNAL CHANGES TQO THE CANISTER

(Sheet 3 of 3)

CANISTER
CONFIGURATION

DESIGN FLOW PATH

REMARKS

IX. 12 TURN COIL
WITH 2"0.D. STAIN-

LESS STL.SLEEVE

TESTS NO. ST ANOD 30

2°0.0. STAWLESS STL. SLEEVE
OPTIMIZE BED TEMPERATURES

X. 12 TURN COILWITH

]
s
HOT ™. v,
ACKET -’-',‘,'"(- 12-TURN co:é.?‘!'
SAME AS IX EXCEPT WITH

212" 0.D. STAIN-
LESS STL. SLEEVE

22" 0.D. SLEEVE

TEST NO. 60, WITHOUT HOT WATER ORIFICE
TESTNG 6) WITH HOT WATER ORIFICE

ATTEMPTED TO FORCE EVEN

HEAT DISTRIBUTION THR
THE CANISTER

OUGMU‘T

28
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FLOW

LEGEND

1., Scrubber Gas Inlet Temperature
2, Canister Inlet Temperature
3. Canister Center Temperature
4. Canister Outlet Temperature

5. CO2 Sample Line

FIGURE 13. MODIFIED MK 11 CANISTER HEAT EXCHANGER INSTRUMENTATION
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MK 12 CO, SCRUBBER DEVELOPMENT

MK 12 MIXED-GAS RECIRCULATOR SYSTEM DESCRIPTION

The MK 12 Surface Supported Diving System (SSDS) mixed-gas mode (Fig-
ure 15) was designed and developed to serve as the United States Navy's basic
tethered system for use in nonsaturated mixed-gas diving operations. The U.S.
Navy conducted a commercial diving equipment survey in 1971; development of
the MK 12 began in 1972 to satisfy SOR 46-54 requirements. The mixed-gas
recirculator was under development at NCSC from November 1976 to October 1978
and successfully completed technical evaluation (TECHEVAL) in December 1978.

Recirculator Assembly

Four operating configurations are available with the MK 12 mixed-gas recir-
culator. In order of preferred use, they are: umbilical supply, semi-closed
circuit; umbilical supply, open circuit; emergency supply, semi-closed circuit;
and emergency supply, open circuit., Figures 16 and 17 depict the MK 12 recircu-
lator assembly.

During normal (umbilical, semi-closed) operations, surface supplied gas
enters the recirculator low-pressure manifold and passes through the ejector
nozzle. As this gas passes through the ejector throat, it creates a venturi
effect which draws the gas to be recirculated through the canister where it is
scrubbed of carbon dioxide. This mixture of surface supplied and scrubbed gas
enters the helmet through the supply (inlet) hose and mixed-gas, one-way valve.
While approximately 10 percent of the gas in the helmet 1is exhausted through the
adjustable exhaust valve, 90 percent is pulled into the canister via the return
(outlet) hose to complete the recirculation circuit.

Umbilical supply, open circuit, is used in the event of a recirculator
failure when surface supplied gas can be fed directly to the helmet, bypassing
the recirculator. This configuration is also used when ventilating the diver
on 03.

Two mixed-gas emergency configurations use the emergency bottle located
in the recirculator. Emergency, semi-closed circuit, is utilized when surface
supplied gas is lost or becomes contaminated and the recirculator remains opera-
tional. Emergency, open circuit, is used if the surface supplied gas is lost
and the recirculator fails. High pressure mixed gas from the emergency bottle
is regulated at 30 pounds per square inch gauge (psig) overbottom pressure and
is fed through a bypass whip to the helmet.




<
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FIGURE 15. MK 12 MIXED-GAS CONFIGURATION
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Mixed-Gas
Inlet Duct
o
’;l \ A Y
//’c_ 3~ \,4—2\\\ .
o TN
I Return Duct
/, = 1y
i
Diffuser . \
! - Adjustable .
/ = / Exhaust
Helmet Open Circuit : ! ,EEE Valve
Supply Valve iéi
\ A LA \\~
Inlet Supply
Hose Outlet Hose

Shroud (Return)

Open Circuit Whip

Ejector Muffler

Ejector Throat
Surface Supply Whip

Emergency Bottle

Absorbent Canister

Fmergency Bottle
Valve

Hot Water Whip

Ejector Supply Valve

Low Pressure Manifold

High Pressure
Manifold Pressure Regulator

FIGURE 16. RECIRCULATOR ASSEMBLY/HELMET FLOW (SEMI-CLOSED MODE)
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‘tl,,,—-ﬂelmet Shell

/

Adjustable

f ’ \( S
Communicat iOIlS =

One Way Valves

Adapter and Whip

Shrouded
Return Hose
(Outlet)

Shroud Hose

\\\\:‘///,/Open Circuit Whip

Gas Supply Hose
\\\\ (Inlet)

)

Canister ~—] ‘ii]>

L1

" Emergency
E S, Bottle
Neoprene ——wH .- =778
Insulation ’
Fixed —
Condensers

Surface Supply ——& :
whip

T Ejector Throat

%/Z/’ I I I

\1

NS j
é§§ j::::'Ejector Nozzle
2
ﬁ A—Q‘ Emergency Bottle
Ipﬁdl\\\\Pressure Gauge
Ejector ) V) EZi:Eency Bottle
Supply
Valve
FIGURE 17.

RECIRCULATOR ASSEMBLY WITH HELMET INTERFACE (REAR VIEW)
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DEVELOPMENTAL TESTING

Total System and Component Pressure Drops

The purpose of this test series was to identify and minimize the system/
component pressure drops(a). The most significant results of these tests were:
a) the utilization of conical design (Koegle) non-return valves in lieu of more
commonly used '"Mushroom-Flapper" non-return valves (Figure 18 illustrates the
reduction in system resistance due to these valves); and b) breathing hoses
were optimized with an 1l)%-inch inside diameter (ID).

Ejector Development

The purpose of this test series was to develop an ejector assembly that will
supply a recirculator system flow of 6 actual cubic feet per minute (ACFM)(170
litres/per min (ALPM)) against the MK 12 optimized total system losses with a
nozzle flow of 0.4 to 0.5 acfm (11.3 to 14.2 ALPM) (at the diver depth) at a
maximum ejector supply pressure of 135 pounds per square inch (9.49 kg per
square cm) differential (psid) overbottom pressure9 10,

Figure 19 shows the ejector configuration identification method for the MK
12 gsystem. Table 4 lists the performance characteristics of some of the
ejectors tested. Empirical testing culminated in an ejector for MK 12 applica-
tion which met all design requirements. Figure 20 shows performance characteris-
tics of the final MK 12 design.

MK 12 Scrubber Development

Background. During manned and unmanned testing of an early scrubber proto-
type in the period of December 1976 to January 1977, it was determined that the
duration of effective CO) scrubbing was not adequate!{1l){13)(13)

Diagnostic Test Objective. In an early attempt to better understand the
operating phenomena of this COj scrubber, a series of diagnostic tests were
conducted.

(B)Hydrospace Laboratory Note 1-77, Index No. 14, Mk 12 SSDS Mixed-Gas Mode
and Total System and Component Pressure Drop Test, by G. W. Noble, May 1977.

‘Q)Hydrospace Laboratory Note 2-77, Index No. 15, MK 12 SSDS Ejector Develop-
ment Test, by G. W. Noble, February 1977.

(10)Hydrospace Laboratory Note 3-77, Index No. 16, Recirculator System flow
Test (Smooth Bore Nozzle), by G. W. Noble, February 1977.

(‘I)Hydrospace Laboratory Note 13-76, Index No. 13, Recirculator Duration Test,
by G. W. Noble, June 1976,

‘13)Hydrospace Laboratory Note 23-77, Index No. 34, MK 12 SSDS Recirculator
Canister Test, by G. W. Noble, August 1977.

(13)Navy Experimental Diving Unit Report No. 10-77, Manned Evaluation of the
Prototype MK 12 SSDS Helium-Oxygen Mode, by R. K. O'Bryan, September 1977.
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AN recmcuares aas
i /
T }-—FRESH GAS
s~ //// 77777

!
AN | DEPTH OF ORIFICE BORE

Legend:

"0 - Orifice

0.028 - Diameter of Orifice Opening
TT - Nozzle Configuration (Smooth Internal and External Taper)
22 - Depth of Orifice Bore (Thousandths of an Inch)

: T - Throat

1 ST - Short Throat

1 0.312 - Diameter of Ejector Throat Staright Section (Inches)

F - 25 Milcron Filter Assembly Installed

Example: 0 =0.28TT22/T = ST.312FC/G = 0.156

FIGURE 19. EJECTOR CONFIGURATION IDENTIFICATION
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Approach., Table 5 is an outline of the diagnostic CO, scrubber tests.
All canisters had absorbent material samples taken for chemical analysis
ol percent reactivity and percent water content by weight; Figure 21 com-
pares the residual chemical activity/moisture analyses at three locations
in a spent canister(!*),

Table 6 compares canister bed temperatures of selected tests. Also shown
is manned test data depicting gas percent relative humidity (RH) readings at
the canister inlet hose.

Results. In the 55°F (12.8%) temperature range of the bath it became
apparent that the midsection of the absorbent bed was being excessively
dried. This drying is the result of the temperature gradient between the
inlet gas and active-bed temperatures. (NOTE: The absorption of CO2 is an o
exothermic reaction.) As the cool inlet gas (typically 100 percent RH at 59 F
(lS.OOC) enters the active zone of the absorbent bed it is heated by the re-
action and passes through the remainder of the bed absorbing moisture in its
path. Eventually, when the reaction starts migrating downward, the unused
reagent below the preliminary active zone is too dry to support the necessary
reaction and CO2 absorption diminishes. Table 7 is a comparison of canisters
with different bed temperatures/durations. Appendix B contains a more detailed
analyses of the MK 12 C02 scrubber development.

Canister Modification Objective. An attempt was made to reduce the tempera-
ture gradient between the inlet gas and mid-bed of the canister.

Approach. The insulation was removed from the canister and tests were run
with and without condensers installed in the bed. A slight improvement in can-
ister performance was achieved after some modification to the condensers which
eliminated channeling problems. However, further testing indicated that the
removal of the insulation caused a second problem. The outer approximately
1-inch (2.54 em) of the bed closest to the canister wall was absorbing more
condensate than the center of the bed. This resulted in the center core of
the bed having less flow resistance and therefore even higher gas flow. This
"snowballing'" of the flow through the center of the absorbent bed practically
cancelled out the benefits of reducing the temperature gradient.

The entire canister assembly was inverted in Test No. 12 of Table 5;
i.e., system flow directed from the bottom towards top, which indicated a
substantial increase in performance. System interface requirements prohib-
ited incorporating this system flow direction reversal into the MK 12 CO,
scrubber design. It is speculated that the gas flow direction and opposed
gravitational forces balanced each other to some degree in maintaining
some of the free water in the active portion of the absorbent bed. Task
schedules prohibited further investigation of this phenomena.

(14)Hydrospace Laboratory Note 25-77, Index No. 35, MK 12 SSDS Recirculator
Functional Characteristics Test, by G. W. Noble, July 1977,
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TABLE 5
MK 12 DIAGNOSTIC C02 SCRUBBER TESTS
(Sheet 1 of 2)
) DURATION
T |
TES TEST OBJECTIVES TEST RESULTS
NO. (HOURS)

{ Duplicate cvelic €U, injection rates [ Py oot eetnod Is a4 suiteble
of OSt manned dive, carmntation ot 08 manned dive,

J Develop a constant ir injection AL B fomstaat e anjection rate of
rate suitable fur use in this test, Poro P simnlates manned dive

resoalts,

3 Change baralvme lots-reduce poassibility A Noofmprovemo nt,
of defective haralvme causing short Jdurag
tion ~ use Test Nov, procedure,

K Pvaluate canister withont ITmpreglon RN No o improvement
coating.,  betermine if coating enhances
channeling,

5 Change baralvme lots-reduce possihility TR Noodrprovement.,
of double failare cansing short duration
~use Test Noo & procedure,

f Similate unmanned test of 12/76, ool Noodmprovement.,

7 Thicken fosalation and increase bath 9.0 Condrtions provide desired dura-
temperature to 76°0 to evaluate of fect tihon,
of higher temperature. Vlow meter
added to check svystenm flow,

3 bvaluate effect of roduced bath tempera- J.2n Stort daratoan,
ture (56°F) on Test No, 7 configuration,

K] Sttempt to maintiia hiyher pas tempera= 3. 34 Mindonl o ancrease in temperature.
ture with additioral insulation of Yoodmnrooso et i Jduration,
clector and muftler,

11 Fasare adequate harddifier functioning 3. 34 Nepmeroserent
by dincreasinge humidifier temperature,

Svsten flowmeter removed,

11 Fvaluate offect of resoval of humidi- 3.17 NG choane
fier from the svstem,

I Fvaloate operation with recirculator as- 5042 Approsimat. Tv 07 increase in
seahly inverted; bamidificr reinstalled, anister deration,

11 Fvaluate operation with recircalator as- 2.9 ecrease in Jaration,
sembly inverted; N humidifier,

1 J Evaluate redoction of scrubber hed tomp- 4033 Pecrease an Jurat ton,
crature by removing canister insalation,
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TABLE 5

(Sheet 2 gf 2)

TEST T OBJECTIVES OURATION TEST RESULTS
TES
NO {HOURS)
Retain coadensaty i serabber by pogi= - Inconclusive - apparatus mal-
tioning Soreens in bed, functioned - test stopped.
it Fopeat Test Noo by vetop, 4.51 Approximately 30%Z increase in
canister duration,
‘ Cednce teepcratone credteat W tween jn- 2,95 'msatisfactory - condenser pro-
CU o podnto ol ond=b o Yh ot o, duced channeling action.
v Inerease worsbber Sod modsture by adding 9.0 Good duration - erratic perform—
Jonmloor o water, ance.
14 Foeditce temporiture cradient hetween in- 2.25 No improvement in duration;
Lot e pednt and wid=hed loecation, slivht improvement in bed
condition,
20 Fvaluate altommative sethod (spraving) 2.5 No improvement.
otoaddinge e sl o water to bed,
oalaate cperatio negne Sivh-water con- 4.25 Approximately 30% improvement in
tent sobysare ol =lw water by weight) duration,
o e B DR SN
ool rrect ot redacine baralvme 1.950 Marked decrease in scrubber
e g 3w and roducing pgas duration,
el tiee b o ad in hed,
> chiate e it e et nsers in high 3.75 No o improvement in duration.
YT SENRTEE SRR R R L Excessive condensate noted near
canister wall, Hipgh gas flow in
the canister bed,
. ste b e et e e ter to gl low 7.0 Canister dnration increased
o tor ety rlow listribation.
JE L S Poedtuyp plres insalation.,
ot et oot o osing 3.50 Baralvme duration 507 less than
it hipgh witer sadasorb.,
Pt it s soondensersy 10.0 Greatlv increased duration -
o oy o Test No, 04 COn tevels still acceptable
[ after 10 hours of operation.
L.
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Location of sample in canister
28% 26% Residual Chemical Activity™

23|°/o 21.5% Moisture Analyses

18% 26% Residual Chemical Activity
1% 1% Moisture Analyses

1% 14% Residual Chemical Activity ‘
25% 26% Moisture Analyses :

] s All values to nearest .5%

L Center of Canister

* All Values to Nearest 0.57%

FIGURE 21. CANISTER CONDITION AT 002 BREAKTHROUGH
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TABLE 7
RELATIVE HUMIDITY (RH) PERCENT OF GAS IN MK 12 COZSCRUBBER
Inlet Bed Bed* Duration
Tgmperatgre Gas Tgmperature Gas of Test !
Test Data Cr  Cc) (% RH) Cr o (% _RH) (Hours) ;
4/28/77 64  17.8 100 High 42 2.9
(#%3) (Estimated) 91 32.8 i
S6°F + Low 60
13.3%¢ Bath 79 26.1
Avg. 50 j
85 29.4
3/30/77 76 24.4 100 High 65 9
(#g) (Estimated) 91 32.8
76 F Bath *k Low 80
24,4°% 2 83 28.3
Avg. 72
87 30.6
12418/76 50 10.0 100 High 70 9
40°F 59 15.0
4.4°c Bath Low 95
51 10.6
Avg. 90
55 12.8
12617/76 74 23.3 100 High 59 9
70 Fo Bath 92 33.3
21.1°¢C Low 85
79 26.1
Avg. 69
86 30.0

#Helmet Inside Temperature 68°F (20.0°C) ]
*Based on NCSL Report 122—72,0June 1932, Universal Humidity Chart
**Helmet Inside Temperature 77 F (25.0°C) 1
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The final approach was to re-insulate the canister to maintain better
rlow distribution and to use a high-water content CO2 absorbent in conjunc-
tion with condensers in the canister to regulate the moisture in the bed.

Regsults. Further manned testing at NEDU revealed another shortcoming of
the MK 12 COs canister. Earlier manned tests, and therefore unmanned gimula-
tion, had been conducted using a chill bath temperature of 50°F (10.07°C).
Manned dive protocol was changed to specify a chill bath temperature of 40°F
(4. 4° C). The following excerpt is from NEDU Report 2-78 (18),

”n

... The mean of all canister studies at depth was 255+55 minutes. It

is apparent from the above results that the capability_bf the prototype
MK 12 SSDS is inadequate to support a diver performing prolonged moderate
work during an operational dive which could easily last more than six
hours. The results do, however, lend insight into a basic problem of
carbon dioxide absorption in cold water.

“Two findings of interest that emerged from the canister breakthrough
studies were the increased duration of action of the absorbent bed in
warmer water, and a return to higher efficiency during diver turn-over

in two of the canister studies. The first finding came as no surprise
and is well supported in the literature. The second finding, however, was
a surprise during data collection, but upon reflectlon made sense. In
each canister study, absorbent activity began in 29. 4°c chamber for several
minutes prior to being immersed in cold water. If degradation of canister
function occurred as a result of absorbent bed cooling rather than by
chemical exahustion, one would expect that a return to 29.4°C chamber and
continued scrubbing activity would restore bed activity. This is what

was observed, and the conclusion is that the degradation of canister
function is not only secondary to chemical exhaustion, but also due to
slow cooling of the absorbent bed.

SUMMARY

"The Prototype MK 12 SSDS helium-oxygen recirculating mode was evaluated
at its operational depth. The results clearly demonstrated that while
the system can support a diver performing heavy work, it cannot support
a diver in cold water for sufficient time to complete an operational
dive at normal working depths. Since the results support the conclusion
that the degyradation of canister bed efficiency is due in part to a slow
cooling of the absorbent bed, improvements in the canister should
include improved thermal protection of the canister and possible gas
heating."”

Figures 22 and 23 represent typical canister CO) signatures during these
winned tests. In Figure 23, the second breakthrough curve shows the recovery
of the canister duri:.., !iver change-over., The process of placing a fresh sub-
ject (diver) in the system being tested (MK 12) took place in the OSF "trunk"

(1“)Navy Experimental Diving Unit Report 2-78, Second Manned Evaluation of
the Prototype MK 12 SSDS Helium-Oxygen Mode, by R. K. O'Bryan, March
1978.
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which was approximately 80°F (26.700) and required about 10 minutes to accom-
plish. The area of canister thermal protection was addressed based on the
results of the tests.

Thermal Protection Objective. The objective of these tests was to opti-
mize the thermal protection of the MK 12 CO, scrubber.

Approach. Continued unmanned testing indicated a severe decrease in ab-
sorbent material efficiency below a chill bath of 45°F (7. 2° c){34), A series
of manned pool dives were conducted to evaluate methods of heating the canister
and gas. The results of these tests are summarized in Table 8; dive profiles
are provided in Appendix C.

Figures 24 and 25 show the gas heater, canister 1id, and final configura-
tions, respectively (also refer to Figure 17). Canister gas-out CO, levels and
temperatures inside the backpack and recirculator were recorded. See Appen-
dix C, Figure C-1, for location of thermistors and recorded data.

Results. During the early test dives (Test No. 71 to No. 76), several
different gas and canister heating techniques were tested, but the desired
dive duration was not reached (Table 8). A 9-hour dive was first achieved in
Test No. 77. The configuration consisted of a hot water heated canister top,
similar to that shown in Figure 25, shrouds on the helmet inlet and outlet
hoses, and a 12-pound canister. In subsequent test dives, the canister top
was used at both lower and higher temperatures. Eight of 11 dives met or
exceeded the 9-hour requirement. All dives are summarized in Table 8; dive
profiles are provided in Appendix C.

Almost all of the 9-hour duration dives were made using high performance
sodasorb as the COj absorbent, although a 9-hour dive was also accomplished
using medical-grade sodasorb.

Heating the canister top and the interior of the recirculator case was an
effective means of ensuring that the CO7 absorbent chemical reaction continued
for the dive duration.

Because of the excellent life results at water temperatures between 35°F
(1.7°c) and 40°F (4. 4° C), an unscheduled life dive in 29°F (-1. 7° C) water at
10 FSW (3.0 MSW) was conducted. Duration of this dive (Table 8, Test No. 91)
was 9 hours with no trace of CO2 at dive completion; however, the water bath
temperature increased to 39°F (39°C) over the 9 hours because of pool size and
effect of adding hot water for both recirculator and diver heating.

During this test period, a single MK 12 recirculator made 88 dives for a
total of 155.2 hours without a MK 12 system abort. In addition, the same
equipment was used for 10 brief training dives.

(14)4pid,
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(a)

Ejector Heater i

(b)

Canister
Heater

FIGURE 24. KINERGETICS GAS HEATER INSTALLED (INLET AND EXHAUST)
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A. 1/4" Copper Tube Hot Water
Flow Through Ten 1/16" Diameter
Holes Around and Over Canister

@ @ Top. Used in Test No. 77

Hot Water —

B. Flanged Plate Directing
Hot Water. Used in All
Tests After Test No. 77

Hot Water

C. Final Configuration

Hot Water

FIGURE 25. CANISTER TOP HOT WATER PORT CONFIGURATIONS
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Conclusions. The recirculator configuration used in Test No. 78
(Table 8) and subsequent dives demonstrated consistent, long canister life.
ln this configuration, a hot water flow was directed at the recirculator
inlet/outlet hoses and then was exhausted into the recirculator case/shrouds.
This flow path and temperature distribution inside the case produced condi-
tions conducive to desired CO; scrubbing action in the recirculator at the
test temperatures., On 6 February 1978, the recirculator design was frozen
on this concept. A schematic illustration of the canister top is shown in
Figure 25. Figure 6 illustrates the final recirculator design concept. The
modlfled rec1rculator demonstrated the required 9-hour duration in water
above 50°F (10.0°C) without hot water heating.

High performance and medical-grade sodasorb provided longer canister
durations than baralyme under the same test conditions. However, the
tests of both medical-grade sodasorb and baralyme are inconclusive, since
only one test of each material was conducted. Past unmanned tests indicate
that medical-grade sodasorb has demonstrated a 9-hour canister life capa-
bility in a water temperature of 50°F (10. 0° C), and this absorbent should be
satisfactory for the MK 12 recirculator. It may be concluded that baralyme
is suitable for use in the MK 12 recirculator in dives of less than 6 hours
duration.

Breathing Gas Heater Evaluation

Objective. The objective of this test phase was to evaluate direct gas
heating as a means to extend canister duration in cold water diving; i.e.,
below 50°F (10.0° C), in lieu of flooding the backpack with hot water,

Approach. Kinergetics gas heater, HEX-5 Model 3330, was used for the
evaluation. The heater was inserted in place of the ejector muffler for Test
No. 72 and No. 74 (Figure 24a). For Test No. 73, the heater was placed on top
of the canister (Figure 24b). In addition, the number of heating elements
used in the heater on the canister top configuration was varied in Test No. 75
and No. 76.

Results. Use of the gas heater in any of the configurations and in con-
junction with the large canister did not obtain the required canister life of
9 hours. When the gas heater was used in place of the ejector muffler, the
temperature drop across the recirculator inlet and outlet hoses and the helmet
resulted in previously heated gas re-entering the canister at ambient tempera-
ture. When the gas heater was tested on top of the canister, the heated gas
dried out the absorbent bed and forced the bed moisture through the ejector
into the helmet. As the absorbent bed dried, canister efficiency was reduced.

As testing progressed, use of hot water heating on the canister inlet and
outlet hoses and inside the recirculator case versus direct heating produced
better life results for the MK 12 system configuration.

Conclusions. A gas heater of the general type tested does not produce
the necessary conditions in the MK 12 system configuration to develop the
desired canister durations.
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Comments. Figures 15, 16, and 17 show the final design of the corrugated
shroud hoses. Figure 26 depicts the MK 12 carbon dioxide absorbent canister.

In July 1978 the MK 12 prototype CO, scrubber underwent manned testing
in the OSF. The results are described in Reference 16.

"Testing of previous prototype MK 12 SSDS carbon dioxide absorbent
canisters indicated that initial cooling of exhaled gas with sub-
sequent gas rewarming within the CO, absorbent bed led to drying

of the absorbent material and deterioration in performance. The
first two prototypes tested in manned dives had shorter CO; scrub-
bing durations than desired. The recirculator assembly was modified
by incorporation of two moisture retaining condensors within the
body of the canister and hot water heating of the canister. Three
canister studies were performed in 40 F water at 390 FSW. The divers
performed 6-minute work periods, separated by 4 minutes of rest, at

a work rate of 50 watts on a pedal ergometer. The work-rest sequence
was selected to approximate an average metabolic production of 1.5
liters of CO, per minute and simulate a hard working dive. The work-
rest sequence proceeded until canister effluent reached 0.5 percent
Sea Level Equivalent (SLE) (3.8 mmHg). The mean COy value of the
three canisters at 9 hours was 0.2 percent SLE. One study was con-
tinued until breakthrough, 0.5 percent SLE, which occurred at 10
hours. It is unlikely that any operational dive would involve con-
tinuous, moderate work for 9 hours.

"Therefore, the results clearly demonstrated that the MK 12 SSDS
helium-oxygen mode would support a diver for the design goal of
9 hours."”

Figure 27 shows the canister breakthrough curves for the final canister
CO, signature tests. Based on the one canister life that was terminated at
1.6 percent SLE, the efficiency of the absorbent bed is indicated in Table 9.

Canister degradation as a function of depth cannot be plotted due to
the lack of data points. Three test configurations were identical or very
close to the final design (see Table 8, Test No. 77, No. 78, and No. 83).
Comparing test results of the manned pool tests conducted during January
and February 1978 to the OSF test dives‘1®) yields the following comparisons:

Pool Tests OSF Tests
10 FSW @ 40°F 390 FSW @ 40°F
(3.0 MSW @ 4.47C) (118.9 MSW @ 4.4°C)
SLE CO, reading at 9 hours SLE CO, reading at 9 hours
X = 0.03% X = 0.2%

This would indicate a 15 percent degradation between 10 FSW (3.0 MSW) and
390 FSW (118.9 MSW).

(18)Navy Experimental Diving Unit Report 20-78, Carbon Dioxide Absorbent
Canister Studies of Hot Water Heated Helium-Oxygen Mode, by W. H.
Spaur, E. D. Thalmann, and R. C. Maulbeck, December 1978.
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Notes
Approximately 12.5 Pounds High Pressure sodasord
Active Length 14 3/4 Inches

——
™
N

=

6.0 - Inch *
Inside
Diameter

(1)

— e — —— i — — — v —— —— — " —— T ————t— ——— o—

FTIGURE 26. CARBON DIOXIDE ABSORBENT CANTSTER
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b st

TABLE 9

MK 12 CANISTER EFFICIENCY

1. (€02 levels into canister 2. Weight of high performance
(mean values) based on 2/77 Sodasorb in MK-12 canister
NEDU dive. is approximately 12.46
‘ 1bs. (5.65 kg)
i
! % CO2 (SLE)
Rust 50 watts
0.33 0.75
3. Determining the total amount of CO2 produced by the Jdiver.
Q = 6 ACFM (169.9 ALPM) Flow
Y = upstream % CO2 (SLE) wl -- During rest
wz -- During work

¢ at 1 ATA and 30°F (-1.1°C)

[t

Density of CO2

0.12393 1b/ft°> (1.98469 kg/m>)

i

A test duration of 11 hrs* with 10 min. cycles of 4 min.
rest and 6 min. of work yields

264 min. of rest
396 min. of work .

This implies a total mass of CO, produced:

2
05 (264) + 9,06 (396) = 12.46 lbs (5.65 kg)

i lheeretically high performance Sodasorb should absorb 50 percent of its own
webpht in €00 or 6.23 1b (2.83 kg) of €COs. The MK 12 canister efficiency
i- therefore approximately 45.8 percent (amount of CO2 absorbed/theoretical
capacity),

S Hours to 1.0F CO, SLE.
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APPENDIX A

MK 11 SYSTEM FLOW ANALYSIS

fhe normal direction of system flow is from the exhalation bag through
the canister and into the inhalation bag. Simultaneously, fresh gas is being
injected through the sonic orifice and into the inhalation bag. During un-
manned testing of the MK 11, it was observed that at specific times in the
breathing cycle system flow direction reversed. The flow reversal process is
depicted in Figures A-1 and A-2 as a negative flow.

The duration of the COj scrubber is directly proportional to the amount
(mass) of CO, it absorbs. During reverse flow in this system the canister is
being presented with gas free of COp3 i.e., the gas in the inhalation bag con-
sists of fresh make-up gas and gas previously scrubbed of CO;. Using sine wave
approximations for the curves recorded in Figures A-1 and A-2 permits a calcu-
lated estimate of actual flow in either direction through the canister per each
breath.

Consider an apparent greater amount of reverse flow on the surface as com-

pared to the 305 FSW (93.0 MSW), approximating the curves in question by a
sine wave (refer to the dynamic flow plots of Figures Al and A2).

y_ = max. amplitude

m
wt = 27
_2r
Y
L t
2
t/2 Y t/2 »
area = 'y sin wt dt = - — | cos wt
o™ Y o

and

1 breath = 100 data points
at 1 BPM, 1 data point = 0.03 second

which yields:

T G iR
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305 FSW_(93.0 MsW)

at surface at
Yp = 21.37 ALPM (0.755 ACFM) Yo
t/2 = 0.597 sec. t/2
t/2 = 0.00995 min. t/2

actual litre

6.41 ALPM (0.2263 ACFM)
0.174 sec.
0.0029 min.

actual litre

0.133 breath 0.0013 breath

REVERSE FLOW REVERSE FLOW 3
actual ft actual ft

(0.00477 W) (0.0000636 breath )

During exhalation at
the end of each ex-
haled breath and the
beginning of each
inhaled breath

To fill in some estimates on the COj curve: the first 0.150 litre (0.0053 ft3)

of the tidal volume is from dead space in the trachea and contains no COZ' All
CO2 is contained in the tidal volume less the dead space.
(2 litres - 0.15 litre) = 1.85 litres
(0.0706 £t3 - 0.0053 £t3 = 0.0653 ft3)
For 40 RMV
v 1L _______ /— Theoretical Breathing Curve y, = 125.66 1jtre/nin
Actual Flow Thru Canister (4.44 £t7/min)
@ 1 ATA Curve wt = 125.66
w=21
t

0.025 min

we approximate the COp signature by a Square wave, then between t1 and t2
a total of 1.85 litre (0.0653 ft3 ) of CO2 laden gas.

et s

(i a4 sine wave approximation for the breathing signature, solve for t1

= 0.025

o t

vrea ander

[ cos wt
l

roathing = 1.85 =

€|§<

- g

L.
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START

§TART
EXHALATION  TRACHEA

M
g‘;"“oé’:‘s'fﬁmae //////
%C02 / /
Y

GURFACE ALPM

lI//////,‘{l" 75 ACTURL LITEE
AL FTO

t= .020
0.00238 AC

93.0 MW
305 FOW ALPM
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PR e 2 e 2N
1.85 = (-1) (cos 005 = 0.25 - cos 0.05 t])
2 l

0.05 ain - 0.1766 =

t, = 0.0044 min

Now estimate the arca under the curve representing canister flow 1 ATA:

EXHALATION
v = 59 ACK
57 ALPM Jm SN.ALﬁp (1.84 ACWN)
1.84 ACFM wt = 2a
w o S = 57,3
YT 0.04 0 0.02
N
t =20 t = 0.020
= 9
area = % ¥ O;?Sovt dt = - ZE O.?Zocos wt = ( 22 ) 0.?20 cos (== 2 t)
s “m ’ w 157.1 0.04
t 0
0
= - (0.331) (cos (O 04) {0.020) - cos ( ) 0
area = 0.662 actual litre (0.0234 ft3) per exhaled breath
k INHALAT TON
e NHALATTOR vo= 417 ALPM (1,47 ACFY) ,
wt = 271
2". B
WS T T 15741 :
\\_,/1 | i
a0 !
t = 0.005 min © 7 07 min : ;
i
4 5 0.020 .
area = = (Rt | cos oz ©) = —(0.26%) (-2) = 0.531
' 0.005 :

srea = 0.551 actual litre (0.01875 ft}) per inhaled breath

H.662 + 0.531 = 1,193 actual 51tres breath
R A Ulh/) = 0.0423 ft7)




NCSC TR 353-80

This implies that 1.193 actual liters (0.0423 ft3) of COp laden gas passes
through the canister during each breath at 1 ATA and 40 RMV.

Now estimate the area under the curve representing canister flow at (10.2 ATA).
EXHALED
68.8 +
For simplicity, consider this
{ curve a sine wave above a constant
14.6 4 low of 14.6 ALPM (.5155 ACFM)
t = 0.025
t =0
F The area of this portion is:
54.2
-(:=—5-)(-2) = 0.8626 actual litre
68.817 125.66 (0.0305 ft3)
54, The area of this mortion is:
| 0.365 actual litre (.01289 ft?)
14.6 -
A Yo = 54.2
t = 0.025 wt = 27
= 2T
=0 V=505 " 125.66

Total area = 0.8626 + 0.365 =_.1,228 litre (0.0305 + 0.01289 = 0.0434 ft3
1.228 actual litre (0.0434 ft~) per exhaled breath.
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INHALED The nrea of this portion is:

-<T%%L%§)(~z) = 0.4390 litre
. (.0155 ft3)

The area of this portion is:

0.3227 actual litre (0.01139 ft?)

¢ = (0.025 ~ 0.0024) I = 3102
t =2¢ t = 0.0221 min wt = 2m
L. 20 =142.15
00447

Total area = 0.4390 + 0.3227 = 0,762 actual litre (0.0155 + 0.01139 = ,
0.07659 ft3) :

0.762 actual litre (0.0269 ft3) per exhaled breath
1.288 + 0.762 = 1.Y89 actual litres/breath

(0.0434 + 0.0269 = 0.0703 ft3)

This implies tnat 1.98Y actual litres (0.0703 ft3) of COy laden gas
passes through the canister during each breath at 305 FSW (93 MSW) and
40 RMV.

Comparing the flow of make-up gas at 0 MSW (0 FSW) (6.85 ALPM orifice flow)
(0.24319 ACFM) and the gas flow at 305 FSW (93 MSW) (2.72 ALPM orifice flow)
(0.0960 ACFM):

the total amouat of pas removed is as follows:

at 40 RMV the total amount of gas moved is

; (20 breslhns/min,) (2 litres (0.0706 ftj) tidal volume) +

make-up pas
2

at 1 ATA

(40 + b.85) litres = 46.85 Litres ((1.41 + 0.24) > = 1.65 ft)
at 305 FSW

(40 + 2,77 litres = 42.72 litres ((L.41 + 9.096) 1£° = 1.51 fe2)

which implies:

P
[

468 ,
V02 7?) = 1.0966 ~ 1107

42,72 1.
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The concentration of CO, will be 1G percent greater at depth than
at the surface (assuming similar mixing of gases).
Combining this information with the canister flow comparisons ylelds:

1.193
(1.10) (1.989)

= 0.5469

or approximately 55 percent more CO2 being presented to the canister at depth
than at 1 ATA, which implies that:

where the total flow through the canister is forward and
reverse flow

at 1 ATA

(4583 - (1.193 actual litres/breath) = 1.149

1.65 3

((55D) - 0.062 actual ft> = 0.0406 £t) 4

1.15 actual litres/breath are gented out of the
cardiod exhaust valve (0.04 ft~),

at 305 FSW
(42672) - 1.989 actual litres/breath = 0.147
((ligl) ~ 0.070 actual ft3/breath = 0.0052 . %

0.15 actual litre/breath is ven§ed out of the
cardiod exhaust valve (0.005 ft7).

A-9

' e = ST p——
_”_‘..»—__._———-”‘_
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APPENDIX b

MK 12 CO2 SCRUBBER DEVELOPMENT ANALYSIS

Empirical test results of the MK 12 CO, scrubber indicated that the mid-
section of the absorbent bed was being dried excessively. This drying is the
result of the temperature gradient between the inlet gas and active-bed tempera-
tures. (NOTE: The absorption of COj is an exothermic reaction.) As the cool
inlet gas (typically 100 percent RH @59°F (15.0° C)) enters the active zone
of the absorbent bed it is heated by the reaction and passes through the
remainder of the bed absorbing moisture in its path. Eventually, when the
reaction starts migrating downward, the unused reagent below the preliminary
active zone is too dry to support the necessary reaction and CO absorption
diminishes.

Consider 100 percent relative humidity (RH) at an inlet temperature of
60°F (15. 6° C) and 100 percent RH in zone of canister which is at 80°F (26. 7°C:

80°F 0.0014¢P1)1p HZO/ft (26.7°c  0.0224 gm/litre)
60°F 0.0007  1b HO0/ft> (15.6°c  0.0112  gm/litre)
0.0007 1bH 0/ft3 (0.01112  gm/litre)

Therefore, the 80°F (26.7 C) zone must provide 0.0007 1b H 0/ft , which at
6 ACFM (169.9 ALPM) (ft3/min) is:

(6 £t3/min.) (0.0007 1b HZO/ft3) = 0.0042 1b H,0/min
(0.0112 gm/litre) (169.9 gm/litre) = 1.903 gm/min

Absorbent material in the 80°F (26.7°C) zone is being dried at a rate
of 0.0042 1b H20/min (1.903 gm/min).

Absorbent Materials

8% bonded HZO

47 free HZO

Baralyme ~ 127 water

#Assume that the absorbent material becomes inactive at
< 8% HZO

High Pressure (HP) Sodasorb, (S/S) ~ 17% water - none bonded.

‘Bl’Naval Coastal Systems Laboratory Report 122-72, Universal Humidity Chart,
by P. G. Sexton, June 1972,

#This is not actually a step function.
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Lstimates of Allowable H,0 Losses

At 2
1b H,0 gm H,0
Baralyme 0.04 1b absorbent 0.04 gm absorbent
1b H,0 gm H,0
HP Sodasorb  0.09 fp—pomay 0409 o hent

Therefore, the respective absorbent material is becoming inactive at a
rate of:

Baralyme

(0.0042 1b H,0/min)/(0.04 1b H,0/1b) = 1.05 1b_absorbent

min

(1.903 gm H,0/min)/(0.04 gm/gm) = 47.6 gm azigrbent

L
min min

9.3 1b absorbent (0.021 gm absorbent

)

HP Sodasorb

1b absorbent

(0.0042 1b HZO/min)/(O.OQ 1b H20/lb) = 0.0467 ey

(1.903 gu H,0/min)/(0.09 gu/gn) = 21.18 gn 22SOFbeRE

or

21.42 —in (0.047

min )
1b absorbent

gm absorbent

Approximate CO, Abscerption Rates

From unpublished NCSC testing, Code 712, using canister gas vel ~ 9.2 in/
sec (v 23,37 cm/sec), amount of CO2 absorbed at 0.57% SLE:

50°F (10.0°C) and 1 ATA
3 litres (105 £t5) of 1% CO

2 in He per gram (0.0022 1b) HP Sodasorb

80°F (26.7°C) and 1 ATA
6 litres (0.212 ft3) of 1% C0, in He per gram (0.0022 1b) Sodasorb
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Ignoring what is absorbed in the first cold layer of absorbent material,
consider the usage rate of the 80°F (26.7° C) zone to be approximated by:

6 litres (0.212 ft ) of 1% CO2

0.06 litre (0.0021186 ft ) of co,, at 80°F (26 7 C)
where p = 0.11224 1b/ft3 0.601798 gm/cm3)

or,
3 3
0.0021186 ft~ (60 cm™) yields

1b co, gm CO,

0-108 wpsrs O ww sss

From OSF manned tests, upstream CO2 levels are approximated by

at 50°F (10.0°C) {AWork: 0.75% SLE C0,
inlet temperature Rest: 0.33% SLE co,

Using the higher work rate at 1 ATA:

(6 ACFM) (0.75%)—> (6 £t>/min)(0.0075) = 0.045 ££3C0, min.
((169.92 LPM) (0.75%)  (169.92) (0.0075) = 1.274 litre COZ/min)

where at 50°F (10.0°C) and 1 ATA for co,

0.11897 1b CO,/£t> yields 0.00535 1b CO,/min.

)

p = 1.9057 gm/litre yields 24.286 gm CO, min.

2

or
0.1081 1b COZ/lb HP S/S / 0.00535 1b C02/min =
(0.10788 gm C02/gm HP S/S / 2.4286 gm C02/min) =
20.21 min/1b HP S/S or 0.0495 1b HP S/S/min
(0.004442 min/gm HP S/S or 22.51 gm HP S/S/min)
Consumption Rate
For lack of a better approximation, consider baralyme and high pressure
sodasorb to have the same consumption rates (0.0495 1b. absorbent/min) (22.5

gm absorbent/min). From empirical tests, the real rate for baralyme should
reflect shorter durations.
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Rate at which absorbent material is being used by absorbing
CO,: 0.0495 1b/min (22.51 gm/min)

Rate at which absorbent material is being dried beyond a
useable level:

a. Baralyue 0.10§‘1b/min (47.63 gm/min)

b. HP Sodasorb 0.0467 1b/min (21.18 gm/min)

Lonclusions

1.

Comparing the usage rate (1 above) and the drying rate for baralyme
(2 above) indicates that the absorbent is becoming too dry to react
faster than it is being used. This comparison correlates with
experiments. '

The usage rate with high pressure sodasorb (2 above) is higher than
the drying rate (1 above) indicating that the drying rate will not
directly terminate the reaction; however, a possible reduction in
absorption efficiency is still possible due to excessive moisture
in the lower canister towards the end of its duration.
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APPENDIX C

MK 12 SSDS MANNED HOT WATER HEATED
RECIRCULATOR DURATION TEST RESULTS

As described in the section on M12 scrubber development, the MK 12
recirculator demonstrated consistent, long canister duration. In this con-
figuration, a hot water flow was directed at the recirculator inlet/outlet
hoses and then exhausted into the recirculator case/shrouds (Figure C-1 for
thermistor placement). This flow path and temperature distribution produced
conditions conducive to desired CO, scrubbing action using high performance,
medical-grade sodasorb and baralyme at various temperatures. The modified
recirculgtor demgnstrated the required 9-hour duration in water temperatures
above 50 F (10.0 C) without hot water heating. A summary of backpack tempera-
tures for the MK 12 test series is shown in Table Cl.

Dive profiles of the manned canister life tests are contained in this '
Appendix. Each plot shows time versus CO7 level (%SLE). Refer to Table 8
in the report for a summary of the test results.
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